Previous studies have shown that the elevation of renal interstitial hydrostatic pressure by the direct expansion of renal interstitial volume increases urinary sodium excretion. The objective of the present study was to investigate whether proximal tubules respond to the elevated renal interstitial hydrostatic pressure and whether the inhibition of prostaglandin synthesis would alter the effect of elevated renal interstitial hydrostatic pressure on proximal sodium reabsorption. Expansion of renal interstitial volume by injecting 100 fil of 2.5% albumin solution through a chronically implanted matrix increased renal interstitial hydrostatic pressure similarly in control rats (n=8) and in indomethacin (/i=8) or meclofenamate-treated (n=l) rats. In the absence of prostaglandin synthesis inhibition, renal interstitial volume expansion significantly increased the fractional delivery of sodium at the superficial late proximal tubules from 56.5±6.1 to 67.0±6.5% (p<Q.0l) with an accompanying increase in fractional excretion of sodium from 2.1±0.5 to 3.0±0.4% (p<0.0l). In the presence of indomethacin or meclofenamate, renal interstitial volume expansion failed to augment the fractional delivery of sodium and the fractional excretion of sodium. In summary, these studies demonstrate that the synthesis of prostaglandins plays a role in the regulation of sodium reabsorption by the proximal tubules in response to elevated renal interstitial hydrostatic pressure.
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Previous studies have shown that the elevation of renal interstitial hydrostatic pressure by the direct expansion of renal interstitial volume increases urinary sodium excretion. The objective of the present study was to investigate whether proximal tubules respond to the elevated renal interstitial hydrostatic pressure and whether the inhibition of prostaglandin synthesis would alter the effect of elevated renal interstitial hydrostatic pressure on proximal sodium reabsorption. Expansion of renal interstitial volume by injecting 100 fil of 2.5% albumin solution through a chronically implanted matrix increased renal interstitial hydrostatic pressure similarly in control rats (n=8) and in indomethacin (/i=8) or meclofenamate-treated (n=l) rats.
In the absence of prostaglandin synthesis inhibition, renal interstitial volume expansion significantly increased the fractional delivery of sodium at the superficial late proximal tubules from 56.5±6.1 to 67.0±6.5% (p<Q.0l) with an accompanying increase in fractional excretion of sodium from 2.1±0.5 to 3.0±0.4% (p<0.0l). In the presence of indomethacin or meclofenamate, renal interstitial volume expansion failed to augment the fractional delivery of sodium and the fractional excretion of sodium. In summary, these studies demonstrate that the synthesis of prostaglandins plays a role in the regulation of sodium reabsorption by the proximal tubules in response to elevated renal interstitial hydrostatic pressure. (Circulation Research 1989;64:1013-1018)
A lthough the acute elevation of renal perfusion pressure is well known to increase urine flow and sodium excretion, the mechanisms underlying these phenomena still remain to be elucidated. Renal interstitial hydrostatic pressure is reported to increase in response to increases in renal perfusion pressure 1 -2 and has been proposed to be involved in the pressure natriuresis phenomenon. 3 Indeed, elevation of renal interstitial hydrostatic pressure by various procedures results in an increase in urinary sodium excretion, suggesting an important role of renal interstitial hydrostatic pressure in the regulation of sodium handling by the kidney. 4 - 8 Granger et al 910 recently showed that direct expansion of the renal interstitial volume by an injection of 2.5% albumin solution through a polyethylene matrix implanted in the kidney interstitium resulted in an increase in renal interstitial hydrostatic pressure and urinary sodium excretion. Micropuncture studies revealed that the fractional delivery of sodium at the late proximal tubules was increased in response to direct renal interstitial volume expansion and indicated that proximal tubules were involved in the natriuresis caused by elevated renal interstitial hydrostatic pressure." Recent studies in our laboratory have disclosed that renal interstitial volume expansion also increases urinary prostaglandin E 2 excretion and that the inhibition of prostaglandin synthesis blunts the natriuretic effect of elevated renal interstitial hydrostatic pressure. 12 These data suggested the involvement of prostaglandins in the natriuresis caused by elevated renal interstitial hydrostatic pressure. However, at present, little information is available regarding the role of prostaglandins production in the attenuated sodium reabsorption by the proximal tubules. Therefore, the present study was designed to test the hypothesis that prostaglandins are involved in the decreased sodium reabsorption by the proximal tubules in response to the elevated renal interstitial hydrostatic pressure.
Materials and Methods
Male Munich-Wistar rats were used for the experiments. The rats were fed normal rat chow containing 0.1 meq sodium/g and had free access to water.
Matrix Implantation
The matrices, which are a microadaptation of renal interstitial capsules used in dogs, 1 were made from material with a pore of 70 /im (Bel-Art Products, Pequannock, New Jersey). The matrices for measuring renal interstitial hydrostatic pressure were cylinders measuring 2.0 mm in diameter and 3.0 mm in length with polyethylene tubing (PE-50) glued to one end. The matrices for infusing isoncotic albumin solution into the renal interstitial space were also cylindrical in shape and measured 1.5 mm in diameter and 2.0 mm in length with PE-10 tubing glued to one end. Two to three weeks before the experiment, two small polyethylene matrices were implanted in the renal interstitium of the left kidney. The rats were anesthetized with an intramuscular injection of 1 ml/kg body wt of a solution of equal volumes of 20 mg/ml xylazine (Miles Laboratories, Shawnee, Kansas) and 100 mg/ml ketamine hydrochloride (Parke-Davis, Morris Plains, New Jersey). The left kidneys were exposed via a left paramedian abdominal incision. A small incision was made near the center of the ventral side of the kidney by inserting a conical pipette tip at the corticomedullary level. A matrix for infusing albumin solution was pushed into the kidney through the incision and flushed with heparinized saline. The open end of the tubing was then sealed and a small piece of mesh (RM53, Ethicon, Somerville, New Jersey) was introduced around the catheter and placed on the kidney. A matrix for measuring interstitial hydrostatic pressure was implanted in the upper part of the kidney approximately 4 mm away from the infusion matrix.. After the abdominal cavity was washed with saline to remove any residual blood, the incision was closed and 15,000 units of penicillin G were injected intramuscularly.
Micropuncture Study
All animals were fasted 14-18 hours prior to the micropuncture study. The rats (186-269 g body weight) were anesthetized with an intraperitoneal injection of 100 mg/kg body wt of 5-sec-butyl-5-ethyl-2-thiobarbituric acid (Inactin, Byk Gulden, Konstanz, West Germany) and placed on a heated table to maintain body temperature at 36-38° C. After a tracheostomy, catheters were inserted in both jugular veins for infusions, a carotid artery for blood sampling and blood pressure monitoring, and the left ureter for urine collection. Six percent inulin in isotonic saline was infused at a rate of 1.5 ml/hr during the entire experimental period. In addition, 3.6 ml isoncotic albumin solution in isotonic saline was given over 1 hour after surgery, followed by a 1.8 ml/hr infusion of isotonic saline for the remain-der of the experiment. After infusions were started, the rats were prepared for micropuncture as previously described. 13 The area selected for micropuncture was located on the ventral surface of the kidney approximately 3-4 mm from the infusion matrix. Recollection micropuncture was performed from superficial late proximal tubules before and after renal interstitial volume expansion to assess the fractional delivery of sodium. To increase the renal interstitial volume, the tubing leading to the implanted small matrix was connected to a syringe, and 100 fi\ of 2.5% albumin in isotonic saline was injected into the interstitial space via the matrix over a period of approximately 3 minutes. Albumin infusions through an implanted matrix have been found to effectively increase the renal interstitial hydrostatic pressure and to increase sodium excretion. 91012 The fluid injected into the renal interstitial space through an implanted matrix has been shown to distribute throughout the kidney. 14 The hydrostatic pressure in the renal interstitium was measured by a pressure transducer (156PC05GWL, Micro Switch, Freeport, Illinois) connected to the tubing leading to the implanted measurement matrix as recently reported by Khraibi et al. 2 
Distribution of Renal Interstitial Hydrostatic Pressure of Different Areas of the Kidney Before and After Renal Interstitial Volume Expansion (n=8)
The animals were anesthetized and prepared for micropuncture. Although the same infusion protocol as in the micropuncture study was employed, isotonic saline was used instead of inulin solution. Two and one-half hours after the initiation of the infusion, the renal interstitial hydrostatic pressure at three different areas of a kidney were measured. The interstitial pressure at the corticomedullary junction was measured via a measurement matrix that was implanted approximately 4 mm away from an infusion matrix. The interstitial hydrostatic pressure of the subcapsular space was measured via pipettes (outer diameter of 2-3 /im) connected to a resistance servo-null balance feedback system (IPM, San Diego, California). The subcapsular pressures at the center of the ventral surface of the kidney, which is very close to the infusion matrix (1.6±0.4 mm), and those of the lower pole of the kidney, were measured. One hundred microliters of 2.5% albumin solution in isotonic saline was then injected into the interstitium via the infusion matrix. After a 10-minute equilibration period, the measurements of interstitial hydrostatic pressure at these three sites were repeated.
Experimental Protocol
The experimental protocols were designed to determine the effects of prostaglandin synthesis inhibition on the renal interstitial volume expansioninduced alteration of sodium reabsorption by the proximal tubules. Four groups of rats were studied according to the following protocols:
Group I (RIVE): Effect of renal interstitial volume expansion on sodium reabsorption by the superficial proximal tubules (n=8). After the stabilization of urine flow (approximately 3 hours after the initiation of inulin infusion), the vehicle for indomethacin and meclofenamate (3 mM sodium carbonate in isotonic saline, 0.25 ml/100 g body wt) was administered intravenously. Forty minutes later, one 30-minute control clearance period was taken during which measurements of mean arterial pressure (MAP), renal interstitial hydrostatic pressure, glomerular filtration rate (GFR), and fractional excretion of sodium (FE Nl ) were made. During the clearance period, micropuncture samples were also taken to determine the fractional delivery of sodium (FDNJ at the superficial late proximal tubules. After the control period, renal interstitial volume expansion was achieved by an injection of 100 /xl of 2.5% albumin solution into the renal interstitium via the implanted matrix. Five minutes after the injection, a second 30-minute clearance was performed, and measurements and recollection micropunctures were repeated. At the midpoint of the second clearance period, another 100 fA of 2.5% albumin solution was injected into the renal interstitium to keep the interstitial hydrostatic pressure elevated.
Group II (IND+RIVE): Effect of renal interstitial volume expansion on the sodium reabsorption by the superficial proximal tubules in the presence of indomethacin (n=8). To determine whether the inhibition of prostaglandin synthesis attenuates the effect of elevated renal interstitial hydrostatic pressure on the sodium reabsorption by the proximal tubules, indomethacin (2 mg/kg body wt, Sigma Chemical Co, St. Louis, Missouri) was administered intravenously 40 minutes before the control clearance period. This dose of indomethacin has been shown to effectively inhibit the renal interstitial volume expansion-induced prostaglandin synthesis. 12 The experiment protocol was otherwise the same as in Group I.
Group III (MCL+RIVE): Effect of renal interstitial volume expansion on sodium reabsorption by the superficial proximal tubules in the presence of meclofenamate (n=7). Instead of indomethacin as in Group II, meclofenamate (Warner-Lambert Co, Ann Arbor, Michigan) at a dose of 5 mg/kg body wt was used as an inhibitor of prostaglandin synthesis. This dose of meclofenamate was also shown to be sufficient to inhibit the renal synthesis of prostaglandin. 12 The experimental protocol was otherwise the same as in Group I.
Group IV (Saline): Time control study (n=8). Isotonic saline was injected into the renal interstitium instead of 2.5% albumin solution. The remainder of the experimental protocol was the same as in Group I.
Analysis
Inulin concentrations in the plasma and tubule fluid were determined by the microflurometric meth- MAP, mean arterial pressure; RIHP, renal interstitial hydrostatic pressure; C, control period; RIVE, after renal interstitial volume expansion.
The distances between infusion matrices and sites where renal interstitial hydrostatic pressure was measured are as follows: 1. between infusion matrices and measurement matrices, approximately 4 mm; 2. between infusion matrices and subcapsular puncture sites at the center of the ventral surface of the kidneys, 1.6±0.3 mm; 3. between infusion matrices and subcapsular puncture sites at the lower pole, 7.8±0.5 mm. *p<0.01 significantly different from control.
od of Vurek and Pegram. 15 The concentrations of inulin in urine were measured by the anthrone method. 16 Sodium concentrations in tubular fluid were determined by atomic absorption spectrophotometry, and those in plasma and urine were measured with a Beckman E-2A electrolyte analyzer. The volumes of tubule fluid were measured with 1 /il constant bore capillaries. All values are expressed as mean±SEM. Comparisons were made using paired / tests and unpaired t tests as appropriate. A value of p<0.05 was considered statistically significant.
Results Table 1 shows the effects of interstitial volume expansion on renal interstitial hydrostatic pressure at three different sites of the kidney. The distance between those sites and the infusion matrix is also given in Table 1 . Although the increase of interstitial hydrostatic pressure was largest at the center of the kidney (2.4±0.3 mm Hg) and smallest at the lower pole (1.5±0.3 mm Hg), renal interstitial volume expansion with a single injection of 2.5% albumin solution significantly increased the interstitial hydrostatic pressure at all three sites. These data show that the increase of interstitial hydrostatic pressure produced by renal interstitial volume expansion through an implanted matrix is transmitted fairly well throughout the kidney. The areas selected for micropuncture, which are located between the center and the lower pole of the kidneys, are exposed to the increased renal interstitial hydrostatic pressure.
The effects of renal interstitial volume expansion on GFR, urine volume, FE Ni , and the renal interstitial hydrostatic pressure measured via measurement matrices are shown in Table 2 . Renal interstitial volume expansion of the left kidney with the 2.5% albumin solution increased renal interstitial hydrostatic pressure, urine volume, and FE Nl significantly. Although renal interstitial volume expansion increased renal interstitial hydrostatic pressure MAP, mean arterial pressure; RIHP, renal interstitial hydrostatic pressure; GFR/100 g body wt, glomerular filtration rate of left kidney per 100 g body weight; V/100 g body wt, urine volume per 100 g body weight; FE N l , fractional excretion of sodium; IND, indomethacin; MCL, meclofenamate; C, control clearance; RIVE, renal interstitial volume expansion. Saline refers to infusion of isotonic saline into an implanted matrix. tp<0.05, significantly different from control. significantly, it failed to augment urine volume and FE N , in the presence of indomethacin or meclofenamate. When isotonic saline was injected into the renal interstitium, there was no change in interstitial hydrostatic pressure, urine volume, and FE Na .
Recollection micropuncture at the late proximal tubules in vehicle-infused rats demonstrated a significant decrease of tubule fluid-to-plasma inulin concentration ratio [(TF/P), N ] and a significant increase of FD Na after renal interstitial volume expansion with albumin solution ( Table 3 ). The pretreatment of the animals with prostaglandin synthesis inhibitors abolished the effect of renal interstitial volume expansion on (TF/P), N and FDN,. MAP, GFR of the left experimental kidney, single nephron glomerular filtration rate, and tubule fluidto-plasma sodium concentration ratio [(TF/P) N J remained reasonably constant before and after renal interstitial volume expansion.
Discussion
The results of our experiments demonstrate that elevation of renal interstitial hydrostatic pressure induced by renal interstitial volume expansion inhibits sodium reabsorption by the superficial proximal tubules, and this inhibition of sodium reabsorption is abolished by the pretreatment with meclofenamate or indomethacin (Figure 1) .
The elevation of renal perfusion pressure, which results in increased renal interstitial hydrostatic pressure, 12 is known to augment the urinary excretion of sodium and prostaglandin F^> without changing GFR. 17 The direct elevation of renal interstitial hydrostatic pressure by selective expansion of the renal interstitial volume has also been reported to increase FE N , and prostaglandin F^ excretion. 12 These results suggest the possibility that the elevated renal perfusion pressure increases prostaglandin production via elevating renal interstitial hydrostatic pressure, and that the increased synthesis of prostaglandins may play an important role in inhibiting sodium reabsorption by the renal tubules. Indeed, previous studies demonstrated that the inhibition of prostaglandin synthesis blunts the pressure natriuresis phenomenon. 1718 Recent studies in our laboratory also revealed that prostaglandin synthe- sis inhibitors attenuate the natriuretic eflFect of elevated renal interstitial hydrostatic pressure. 12 Taken together, these data indicate that prostaglandin synthesis plays an important role in mediating the effect of changes in renal perfusion pressure on sodium reabsorption by the renal tubules. Although there are studies which indicate that the proximal tubule, the loop of Henle, and other distal nephron segments may be responsible for pressure natriuresis, 18 -21 it is still unclear which segment of the nephron is most important for this phenomenon. Among others, proximal tubules are considered to be an important link between renal interstitial hydrostatic pressure and urinary sodium excretion, since sodium reabsorption by the proximal tubules is reported to be inhibited not only by the elevated renal perfusion pressure, 22 -24 but also by the direct elevation of renal interstitial pressure." Therefore, the present study was designed to investigate whether prostaglandin production plays a role in the regulation of proximal tubular sodium reabsorption in response to the elevated renal interstitial hydrostatic pressure. When the animals were pretreated with meclofenamate or indomethacin to inhibit the renal interstitial volume expansion-induced production of prostaglandins, the elevated renal interstitial hydrostatic pressure failed to inhibit sodium reabsorption by the proximal tubules. Using proximal tubules of the Necturus kidney, Boulpaep showed that the backflux of sodium through the tight junc-tions of tubular cells is responsible for the reduced sodium reabsorption by the proximal tubules in response to plasma vojume expansion. 2326 He proposed that the increased renal interstitial hydrostatic pressure was one of the possible factors that cause the backflux. 23 Renal interstitial hydrostatic pressure was indeed reported to be elevated by the plasma volume expansion, 1 -27 and was elevated similarly in our experiment by the selective renal interstitial volume expansion. However, our results that the elevated renal interstitial hydrostatic pressure failed to decrease the proximal sodium reabsorption in the presence of prostaglandin synthesis inhibitors indicate that not only the elevation of renal interstitial hydrostatic pressure but also the synthesis of prostaglandins might be necessary to decrease proximal sodium reabsorption.
Proximal tubules have not been considered to be major sites of prostaglandin synthesis and several previous studies failed to demonstrate an effect of prostaglandin Ej on sodium reabsorption by the proximal tubules. 28 -29 However, prostaglandin E, is known to attenuate the sodium reabsorption by the proximal convoluted tubules, 30 and recent studies have shown that the inhibition of prostaglandin synthesis blunts the change of proximal sodium reabsorption in response to the changes in renal perfusion pressure. 22 Furthermore, there is increasing evidence that prostaglandin Ej influences the transporting ability and adenylate cyclase activity of proximal tubules. 31 -33 Although further studies may be necessary to determine if prostaglandins directly influence the proximal sodium reabsorption and to identify the specific prostaglandin that is responsible for the inhibition of proximal sodium reabsorption, the results of the present study clarified that some cyclooxygenase products might be involved in the renal interstitial volume expansioninduced decrease of sodium reabsorption by the proximal tubules.
In summary, the present study demonstrates that prostaglandin synthesis is necessary for renal interstitial volume expansion-induced elevation of renal interstitial hydrostatic pressure to decrease proximal sodium reabsorption.
